Host responses to tumor cells include tumor suppressing or promoting mechanisms. We sought to detail the effect of Hedgehog (Hh) pathway inhibition on the composition of the mammary tumor immune portfolio. We hypothesized that Hh signaling mediates a crosstalk between breast cancer cells and macrophages that dictates alternative polarization of macrophages and consequently supports a tumorpromoting microenvironment. We used an immunocompetent, syngeneic mouse mammary cancer model to inhibit Hh signaling with the pharmacological inhibitor, Vismodegib. Using molecular and functional assays, we identified that Hedgehog (Hh) signaling mediates a molecular crosstalk between mammary cancer cells and macrophages that culminates in alternative polarization of macrophages. We carried out an unbiased kinomics and genomics assessment to unravel changes in global kinomic and gene signatures impacted by Hh signaling. Our investigations reveal that in an immunocompetent mammary cancer model, the administration of Vismodegib led to changes in the portfolio of tumorinfiltrating immune cells. This was characterized by a marked reduction in immune-suppressive innate and adaptive cells concomitant with an enrichment of cytotoxic immune cells. Breast cancer cells induce M2 polarization of macrophages via a crosstalk mediated by Hh ligands that alters critical kinomic and genomic signatures. Macrophage depletion improved the benefit of Hedgehog inhibition on eliciting an immunogenic, pro-inflammatory profile. We define a novel role for Hh signaling in disabling anti-tumor immunity. Inhibition of Hh signaling presents with dual advantages of tumor cell-targeting as well as reeducating a dysfunctional tumor microenvironment.
Introduction
The tumor microenvironment (TME) consists of multiple cell populations that participate in crosstalk with tumor cells, 1,2 thus playing a major role in regulating tumor growth and progression. A subset of myeloid cells circulate through the blood as monocytes, and in response to homing signals, 3 travel to reach a resting destination where they differentiate into macrophages. Macrophages are abundantly found in the tumor milieu and can comprise up to 50% of the tumor mass in solid tumors. 4 Tumor-associated macrophages (TAMs) display a high degree of plasticity as they regulate a range of different and opposing functions depending on the tumor-derived cytokine stimulus they receive. 5 This versatility in function and phenotype is co-opted by tumor cells resulting in enhanced cancer progression and metastasis. 6, 7 Tumor-associated macrophages are simplistically classified into two major phenotypes: M1 -classically activated and M2 -alternatively activated macrophages; emulating helper T cells type I (Th I) and type II (Th II) respectively. 8, 9 Classically activated M1 macrophages are polarized by pro-inflammatory cytokines such as TNF-α, 10 LPS, and IFN-γ, which activate target genes responsible for mounting an anti-tumorigenic immune response. 11 Alternatively activated M2 macrophages are stimulated by many cytokines, the most prominent being IL-4 and IL-13, 12, 13 which activate a STAT6 signaling cascade that promotes the transcription of genes such as IL-10 and TGF-β which mediate an antiinflammatory and reparative response.
14 STAT6 target genes suppress immune system function, allow tissue remodeling, and induce angiogenesis. 15, 16 Collectively, M2 macrophages permit the sustenance and proliferation of tumor cells, extravasation, and establishment of a suitable metastatic niche. It is believed that tumor cells secrete cytokines that influence TAMs to express an M2 program, a characteristic often associated with poor clinical outcome in multiple cancer types. [17] [18] [19] Hypoxia in the tumor milieu recruits TAMs and sustains tumor progression through inducing the expression of Sema3A in tumors. 20 The phenotype of the recruited TAMs is fine-tuned to M2-like MHC-II lo TAM that express greater levels of hypoxiaregulated genes and prototypical M2 markers. 21 CONTACT Lalita Shevde lsamant@uab.edu Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/koni.
Supplementary material for this article can be accessed here.
Although Hh signaling is tightly regulated and is minimally activated in adult tissues, its deregulation is a feature of multiple cancers. Previous reports from our lab and others have established the role of Hh signaling in mediating breast cancer progression through upregulating drug resistance 25 and enhancing metastasis. 26, 27 In this study, we investigated the role of Hh signaling in impacting anti-tumor immune functions. Our investigations reveal that Hh inhibition elicits an altered portfolio of tumorinfiltrating immune cells, particularly characterized by a reduction in immune-suppressive cells concomitant with an enrichment of cytotoxic immune cells that cumulatively results in reduced metastases. Mechanistically we identified that Hh signaling alters a critical kinomic signature that enables macrophages to assume an alternative M2 phenotype. Importantly, depletion of macrophages ameliorates the effects of Hh inhibition. Our investigations provide insight into a novel role for Hh signaling in sculpting anti-tumor immunity.
Results

Inhibiting hedgehog signaling in vivo blunts the mammary tumor-associated inhibitory immune portfolio and elicits an inflammatory immune response
We sought to determine the effects of inhibiting Hh signaling on the tumor microenvironment of mammary tumors. We administered the FDA-approved, orally available pharmacological SMO/Hh inhibitor, Vismodegib thrice weekly for 4 weeks to female BALB/c mice bearing orthotopic mammary 4T1 tumors (Figure 1(a) ). There were no notable differences in primary tumor growth between DMSO and Vismodegibtreated groups (Supplementary Figure 1A) until day 28 when the Vismodegib-treated tumors seemed to slow their growth. Vismodegib-treated tumors demonstrated a statistically significant increase in TUNEL-positive apoptotic cells (Figure 1 Figure 1C) , cumulatively suggesting elevated apoptosis. Mice were euthanized four weeks after surgical resection of the primary tumor to enable visible enumeration of metastases. Vismodegib-treated mice exhibited significantly decreased pulmonary metastases compared to vehicle-treated mice (Figure 1(d), Supplementary Figure 1D) .
In order to characterize overall changes in the immune portfolio of the primary tumor, we conducted a comprehensive flow cytometric analysis of the tumorinfiltrating immune population (Supplementary Figure 2) . This investigation revealed a significant reduction of suppressive myeloid cells, including M2 macrophages (Figure 1(e) ) and MDSCs (Figure 1(f) ) in Vismodegib-treated animals. In addition, regulatory T cells (Figure 1(g) ) were also significantly reduced in Vismodegib-treated mice. There was a decrease in type II helper T cells (Figure 1(h) ) in Vismodegib-treated mice, albeit not statistically significant. Furthermore, Vismodegib-treated mice showed decreased numbers of T cells expressing inhibitory CTLA4 (Supplementary Figure 3A) and PD-1 (Supplementary Figure 3B) , albeit not statistically significant. Overall, inhibiting Hh signaling notably decreased the population of immunosuppressive cells of the innate and adaptive immune system. The results indicate that Hh signaling enables an immunosuppressive, pro-tumorigenic microenvironment for breast cancer cells.
Further characterization of tumor immune cell infiltrate revealed a notable shift from an immune suppressive microenvironment to a pro-inflammatory, immunogenic milieu. Hh inhibition significantly upregulated infiltration of antigen-presenting, innate immune M1 macrophages (Figure 1(i) ) and dendritic cells (Figure 1(j) ). Vismodegib also elicited a significant infiltration of cytotoxic CD8 T cells (Figure 1(k) ) and activated CD4 T cells (Figure 1(l) ). No significant changes were observed in infiltrating natural killer cells (Supplementary Figure 3C) . These data suggest that systemic inhibition of Hh signaling in tumor-bearing mice alters the phenotypic landscape of tumor-immune cell infiltrates. These infiltrates are enriched in innate immune cells (M1 macrophages and dendritic cells) that are efficient in presenting tumor antigens. The overall reduction in the immunosuppressive framework concomitant with an increase in tumor-reactive cells of the adaptive immune system (activated Granzyme B-positive cytotoxic T cells) complements the enhanced tumor cell apoptosis and reduced metastasis seen in Vismodegib-treated animals.
There was a notable shift in the ratios of the tumor- Figure 4C) and CD8-GzmB-positive Tcells:MDSCs (Supplementary Figure 4D) were decidedly increased in Vismodegib-treated tumors, albeit not statistically significant. As such, Hh inhibition shifts the tumor immune microenvironment from suppressive to inflammatory. In concordance with this observation, F4/80-positive macrophages from the primary tumor of Vismodegib treated mice demonstrated a significant decrease in urea production indicative of an overall reduced arginase activity in tumor-associated macrophages (Supplementary Figure 4E) . These data collectively suggest a notable role for Hh signaling in creating a favorable, immunosuppressive environment that enables progression and metastasis.
Hedgehog signaling enables alternative activation of macrophages
Given the functional plasticity of macrophages and their relevance to breast cancer progression, we queried the role of Hh signaling in influencing their activation state. The process of acquiring an alternatively activated M2 phenotype [RAW 264.7 Figure 5D-F) ] is kinetically characterized by the upregulation of Arg1 and Cd206 simultaneous with elevated levels of the Hh transcription factor Gli1, a bonafide Hh activation marker. This is accompanied by elevated levels of the Ihh ligand in the macrophages (Supplementary Figure 5G) and functional activation of Hh signaling, as evidenced by upregulation of a Gli1 reporter plasmid (Supplementary Figure 5H) . Our data is in concordance with the finding that Hh ligand-producing macrophages are involved in fibrogenic and angiogenic responses. 28 Overall, these results indicate that the acquisition of an M2 phenotype of macrophages upregulates Hh ligand expression and engages transcriptional activation of Hh signaling.
In order to establish the functional relevance of activation of Hh signaling, we incorporated recombinant SHH protein in polarization conditions. Exogenous SHH protein further potentiated the expression of M2 markers Arg1 (Figure 2(a) ; Supplementary Figure 6A ) and Cd206 (Figure 2(b) ), while successfully increasing the expression of Gli1 (Figure 2(c) ). In contrast, the small molecule Gli inhibitor GANT61 attenuated the gene expression of Arg1 (Figure 2(d) ) and Cd206 ( Figure 2 (e); Supplementary Figure 6B ). In addition to pharmacological inhibition, we validated the effects of Hh blockade by stably knocking down Gli1 in RAW 264.7 cells using shRNA. Abrogating endogenous Gli1 expression reduced the ability of macrophages to launch an M2 polarization program (Figure 2(f) ). Targeting of SMO, the regulatory molecule of the Hh pathway, with the SMO inhibitor BMS-833923, attenuated Arg1 (Figure 2 (g)) and Cd206 (Figure 2 (h)) in M2 polarized macrophages. To assess the functional outcome of Hh inhibition on the phagocytic capacity of macrophages, we enumerated the fluorescently labeled bacterial particles that were phagocytosed by the M2 polarized macrophages. Inhibiting Hh signaling with the BMS compound or Vismodegib, significantly enhanced the phagocytic capacity of the alternatively polarized macrophages (Figure 2(i) ). As such, inhibiting Hh signaling in macrophages using two distinct approaches, inhibiting Gli and Smo, inhibited alternative polarization of macrophages. This suggests that Hh signaling significantly inactivates the phagocytic functions of macrophages. Cumulatively, our data establishes the critical importance of Hh signaling in enabling alternative activation of macrophages.
Inhibition of Hedgehog signaling facilitates classical activation of macrophages
Having demonstrated that alternative polarization of macrophages elicits Hh activation, we undertook investigations to evaluate the role of this signaling in classically activated macrophages. Polarization of macrophages towards an inflammatory type was characterized by significant upregulation of the expression of inflammatory genes iNos, Il-12, and Tnf-α (Figure 3(a-c) ). Concomitantly, Gli1 expression was significantly downregulated (Figure 3(d) ). When classically polarized macrophages were treated with GANT61, there was a significant upregulation in iNos expression (Figure 3(e) ); Il-12 did not demonstrate a change but Tnf-α increased significantly (Figure 3(f-g) ). The decrease in Gli1 expression in the presence of GANT61 substantiates inhibition of Hh signaling (Figure 3(h) ). Thus, Hh signaling is decreased during classical polarization of macrophages and its inhibition potentiates expression of inflammatory cytokines.
We hypothesized that inhibition of Hh signaling in alternatively polarized macrophages may pivot their expression of inflammatory cytokines. While inhibition of Hh signaling in M2 polarized macrophages dampened their alternative polarization (Figure 2 ), GANT61 enhanced the expression of iNos and Il-23 in alternatively polarized macrophages (Supplementary Figure  6C) . In agreement with this, we registered a significant potentiation in inflammatory markers iNos (Figure 3(i) ), Il-23 ( Figure 3(j) ), Figure 6D ) in macrophages stably silenced for Gli1 (Figure 3(l) ). Tnf-α cytokine levels were also elevated in macrophages treated with GANT61 or the SMO inhibitor BMS-833923 (Supplementary Figure 6E) . BMS-833923 also significantly increased the levels of Tnf-α, Il-23, and iNOS ( Supplementary Figures 6F-H ). This was substantiated by notably increased iNOS activity and iNOS protein levels (Supplementary Figure 6H) and accompanied by decreased expression of arginase (Supplementary Figure 6I) . We then investigated whether inhibiting Hh signaling in M2 macrophages primes them for reversal towards an inflammatory type. We treated M2 polarized macrophages with GANT61, then changed the medium to provide an inflammatory stimulus (IFN-γ). As depicted in Figure 3 (m), GANT61 primed M2 macrophages to acquire an inflammatory phenotype when stimulated with IFN-γ as indicated by the upregulation of iNos and Tnf-α and concomitant reduction of M2 signature markers Arg1 and Cd206 (Figure 3 (n)). Thus, inhibiting Hh signaling ( Figure 3 (o)) in alternatively polarized, immunosuppressive M2 macrophages enables their plasticity and conversion to an inflammatory macrophage.
Mammary-tumor derived Hh ligands promote alternative polarization of macrophages
Breast tumor cells are known to promote alternative polarization of macrophages. 29 In order to investigate whether the crosstalk between breast cancer cells and macrophages elicits activation of Hh signaling, we cultured macrophages with conditioned medium (CM) derived from two invasive and metastatic mouse mammary carcinoma cells, 4T07 and 4T1. 30 Conditioned medium from both cell types potentiated the expression of Arg1 and Cd206 (Figure 4(a-d) ). Inhibiting Hh signaling in macrophages with Gli-targeting GANT61 or Smo inhibitor KAAD-cyclopamine attenuated the effects of conditioned medium (Figure 4 (a-d)) simultaneous with a reduction in the expression of bonafide Hh/Gli target genes, Ptch and Gli1 (Supplementary Figure 7A) . Both mammary carcinoma cells expressed elevated Shh and Dhh (Ihh was not detectable) (Supplementary 7B) relative to normal mammary glandderived NMuMG cells. In order to assign a role for Hh ligands produced by mammary carcinoma cells, we used the 5E1 antibody to neutralize Hh ligands from the medium. 31 Squelching Hh ligands from the 4T1 tumor cell CM decreased M2 associated makers Arg1, Cd206, and Il-10 ( Figure 4 (e-g)). Similarly, squelching Hh ligands from 4T07-derived CM blunted its effects on macrophage polarization (Figure 4 (h-j); Supplementary Figure 7C ). Notably, Hh/Gli signaling is also important in the dialog between human macrophages and breast cancer cells. The M2 polarization of THP-1 human monocytic cells was characterized by a significant increase in GLI1 expression (Supplementary Figure 8A) . Inhibiting Hh/ GLI signaling led to a decrease in M2 signature genes Fibronectin 1, CCL22, and MRC1 (CD206) with a concomitant increase in TNF-α (Supplementary Figure 8B) . Squelching Hh ligands from the conditioned medium of two triple-negative breast cancer cells, SUM1315 and SUM159, decreased expression of CCL22 and CD206 with a simultaneous increase in TNF-α (Supplementary Figure  8C) . As such, inhibiting Hh signaling at all levels -Hh ligand availability, SMO activity, and Gli activity -decreased the ability of macrophages to become alternatively polarized.
Collectively, the data demonstrate that tumor-derived Hh ligands promote alternative polarization of macrophages.
Hedgehog signaling alters molecular mechanisms that dictate alternative macrophage polarization
To understand the role of Hh signaling in M2 activation of macrophages, we adopted an unbiased kinomics approach. This technique analyzes phospho-peptide alterations in the perspective of known kinase signatures to identify changes in the cellular phospho-signaling network (Supplementary Figures 9A, B) . Kinomic analysis revealed significant changes in a network encompassing STAT6, p38 MAPK, and JAKs The addition of Hh ligand squelching antibody, 5E1 (2.5 μg/ml), significantly decreases the effect of the 4T1 and 4T07 CM on its ability to induce a potent M2 phenotype marked by Arg1 (e, h), Cd206 (f, i), and Il-10 (g, j) (p < 0.0001 for all comparisons). *statistically significant difference.
( Figure 5(a) ). Phosphorylation of p38 follows activation of Il4ra and precedes STAT6 activation. 32 GANT61 decreased the levels of phospho-p38 and also reduced phosphorylation of upstream signal transducers, JAK1 and JAK3 ( Figure 5(b) ; Supplementary Figure 9C ). Phosphorylation of STAT6 on the tyrosine 641 residue is essential for the dimerization and translocation to the nucleus where it promotes transcription of M2 target genes. This signature phosphorylation of STAT6 was notably reduced in M2 macrophages treated with GANT61 or macrophages silenced for Gli1 expression ( Figure 5(b); Supplementary Figure 9D) .
In order to dissect the impact of Hh signaling on molecular mechanisms underlying alternative macrophage polarization, we evaluated the IL-4/STAT6 signaling axis, a major signaling conduit that regulates the expression of genes characteristic of M2 macrophages. While STAT6 activity was upregulated with IL-4, GANT61 significantly downregulated STAT6-mediated transcription activity ( Figure 5(c) ). Tumor cell-derived conditioned medium further potentiated STAT6 activity. Squelching
Hh ligands from tumor cell-derived medium with 5E1 or inhibiting GLI proteins in macrophages with GANT61 significantly reduced STAT6 mediated transcription activity ( Figure 5 (c)). One of the main transcriptionally activated targets of STAT6 activity is Il-4ra. 33 Thus, we hypothesized that Hh signaling enables the activation of a feed-forward loop of STAT6-Il-4ra. We evaluated Il-4ra levels in GANT61 treated or Gli1-silenced macrophages. M2 polarized macrophages generated from these cells showed significantly reduced transcript levels of Il-4ra ( Figure 5(d); Supplementary Figure 9E ). This is in agreement with decreased P-STAT6 in Gli1-silenced macrophages treated with Il-4 (Supplementary Figure 9D) . In order to determine the molecular nature of this regulation, we assessed by chromatin immunoprecipitation if Il-4ra and Il-4 are direct transcriptional targets of STAT6 and Gli1. The promoters of both genes bear putative binding sites for STAT6 and Gli1 (Supplementary Figure 10A) . Binding of Gli1and STAT6 to the respective sites in the promoter of Il-4 is diminished in presence of GANT61 ( Figure 5 (e-f)). SHH enriched the Figure 5 . Hedgehog signaling mediates molecular mechanisms that dictate alternative macrophage polarization and its blockade promotes a pro-inflammatory, immunogenic profile. (a) Network model generated from kinomics assessment of M2 polarized macrophages treated with DMSO (vehicle control) or GANT61 (10 μM). Phosphorylated tyrosine and serine/threonine residues were assessed using PamGene PamStation Kinomic Array platform. (b) Inhibition of Hh signaling decreases phosphorylation of JAK1, JAK3, STAT6, and p38 kinases. Lysates from M2-polarized RAW 264.7 cells treated with DMSO (vehicle control) or GANT61 (10 μM) were assessed for total JAK1, JAK3, STAT6, p38 and pJAK1, pJAK3, pSTAT6, and p-p38 expression using western blot analysis. α-tubulin was used as a loading control. occupancy of Gli1 at the Il-4 promoter that was significantly decreased with GANT61 ( Figure 5(e) ). STAT6 and Gli1 also appear to directly regulate ll-4ra (Supplementary Figure 10B -C. The primer sequences used for these analyses are listed in Supplementary Figure 10D ). Through these studies we have identified that Gli1 directly impacts the activation state of M2 macrophages.
In order to identify changes in the overall transcript profile of M2 macrophages, we analyzed changes in global gene expression profile by RNAseq analysis. Inhibiting Hh signaling in M2 polarized macrophages has distinct effects on the gene expression profile (Figure 6(a) ). The gene signature of GANT61-treated immunosuppressive macrophages was similar to that of macrophages from genetically engineered STAT6 knockout BALB/c mice ( Figure 6(b) ). Gene set enrichment analysis of M2 macrophages demonstrates an immunosuppressive signature while macrophages treated with GANT61 showed an overlap with enhanced MHC processing signature of dendritic cells as well as upregulated inflammatory responses in bacterial infections ( Figure 6 (c); Supplementary Table 1) indicating that the inhibition of Hh signaling in M2 macrophages dampens their anti-inflammatory functions and enhances their antigen presentation abilities and immune system activation properties. Together, this data shows that Hh inhibition in M2 macrophages mechanistically alters their polarization and promotes a reversal of their anti-immunogenic functions.
In order to ascertain the clinical significance of M2 macrophages in breast cancer, we queried the TCGA breast cancer data for STAT6 target genes that critically impact alternative polarization of macrophages. STAT6 target genes (SOCS1, CCL11 and LTB) were all significantly upregulated across all breast cancer subtypes (Figure 6(d) ). The inflammatory macrophage marker CD40 was downregulated in HER2-positive and luminal breast cancer subtypes. As such, breast cancers show attributes indicative of enrichment of immunosuppressive macrophages.
Macrophage depletion improves the benefit of inhibiting Hedgehog signaling on eliciting a pro-inflammatory, immunogenic profile Thus far our data provides evidence for Hh/Gli signaling in eliciting an immune suppressive tumor milieu and in mechanistically influencing an alternative M2 activation state in macrophages. In order to investigate the possibility of eliminating macrophages to ameliorate the activity of Hh inhibition, we depleted the animals of macrophages using liposomal clodronate followed by Vismodegib administration ( Figure 7(a); Supplementary Figure 11 ). While Vismodegib in combination with control liposomes elicited apoptosis, the overall extent of apoptosis was significantly increased when Vismodegib was co-administered with liposomal clodronate (Figure 7(b) ). We then analyzed the primary tumor mass for its portfolio of immune-suppressive and immune-stimulatory cells. The combination of liposomal clodronate with Vismodegib yielded a significantly reduced population of M2 polarized macrophages, MDSCs, Th2 cells and Treg cells ( Figure 7(c-f) ). Simultaneous with this, we registered a significant increase in the inflammatory M1 macrophages, dendritic cells, cytotoxic T cells, and Th1 cells (Figure 7(g-j) ). Cumulatively, the data clearly demonstrates that clodronate treatment improves the effectiveness of Hh inhibition on reconfiguring the immune cell portfolio of the mammary tumor to a more potent immune-stimulatory type.
Discussion
Since the pathway was first identified, years of research have cemented the tumorigenic role of Hh signaling in multiple tumor models. The expressing Arg1 and TGF-ß. The upregulation of HIF-1α and HIF-2α in macrophages encountering a hypoxic tumor milieu enables metabolic adaptation to an oxygen limiting environment and further facilitates immunosuppressive functions. 7 Murray et al have proposed a set of standards encompassing three guiding principles for macrophage nomenclature -the source of macrophages, definition of the activators, and a consensus collection of markers to describe macrophage activation. 36 Macrophage polarization is a continuum that spans two extremes from the classically activated M1 macrophages to the alternatively activated M2 macrophages. The tumor microenvironment principally pivots the tumor-killing M1 macrophages to tumor-promoting M2 macrophages. While M1-dominant macrophages stimulate naïve T cells to launch a Th1/cytotoxic response, M2-dominant macrophages stimulate a Th2-type response associated with antibody production. 37 Linde et al., have reported a causal role for macrophages in early dissemination of breast cancer cells that affects long-term metastasis. 38 The enrichment of infiltrating macrophages in the breast tumor microenvironment correlates with higher tumor grade and lower relapse-free survival in patients. 4, 7 High numbers of CD163+ M2-macrophages were strongly associated with fast proliferation, poor differentiation, estrogen receptor negativity, and histological ductal type. 29 Thus, targeting macrophages presents as a novel therapeutic strategy for breast cancer treatment. Indeed, in vivo investigations have employed different agents to block several processes involved in macrophage recruitment and maturation including CCL2-CCR2 39 and CSF1/ CSF1R blockade, 40 both of which have been launched into clinical trials in solid tumors. Though these approaches are promising, they systemically abrogate the recruitment and activation of all macrophages, including the anti-tumorigenic M1 phenotype. Thus, more appealing approaches have emerged to particularly target and reverse the polarization of pro-tumorigenic M2 macrophages and reprogram them to the immune stimulating, anti-tumorigenic M1 macrophages. Several groups have employed this strategy in vivo to stimulate immunogenic macrophages by administering CD40 agonists 41 and stimulating STAT1 function. 42 However, these previously mentioned approaches exclusively target macrophages, which are significant players in immune tolerance, but not necessarily the primary drivers for breast cancer tumorigenesis. Through our investigations, we report for the first time, that Hh signaling regulates a transcriptional program and underlying molecular mechanisms that dictate alternative macrophage polarization towards the M2 phenotype. Importantly we report that breast cancer cells polarize macrophages towards the immunosuppressive M2 type by a paracrine crosstalk that is mediated by Hh ligands produced by the tumor cells. Interfering with the crosstalk significantly attenuated the M2 phenotype. Inhibiting Hh signaling even primed the M2 macrophages to respond more potently to inflammatory stimuli and set the macrophages on a path towards reverting to M1 macrophages. In alignment with the priming of macrophages towards an M1 type, we were able to identify molecular signatures associated with enhanced pro-inflammatory as well as antigen processing and presentation attributes.
We uncovered a molecular network that identified that Hh signaling interfaces with the IL-4/STAT6 signaling cascade mediated by the involvement of p38 MAPK. p38 activation precedes STAT6 activation downstream of IL-4 binding to its receptors; inhibition of p38 blocks STAT6 activation and reduces the expression of M2 target genes. 32 Our investigations reveal that inhibiting Hh signaling disengages the feedforward loop that amplifies IL-4ra. Hh signaling has been reported to stimulate the differentiation of type II helper T cells through Gli2 induction of IL-4 expression. 43 Through this investigation we have identified Gli1 occupancy on the promoters of Il-4 and Il4ra; this is significantly decreased with GANT61. Thus, we have established that the feed-forward loop involving Il-4 and Il-4r is disrupted when Hh signaling is inhibited. This consequently decreases STAT6 phosphorylation when Hh is inhibited. Our findings cumulatively underscore the immune-inhibitory effects of Hh signaling in macrophages.
These mechanistic findings were recapitulated in the mammary tumor microenvironment that was characterized by remarkable changes in the portfolio of tumor infiltrating immune populations when the animals were treated with the orally available SMO inhibitor, Vismodegib. Overall, Vismodegib increased the population of immune cells with anti-tumor activity. The most striking changes we observed were in dendritic cell infiltrates and cytotoxic CD8-positive T cell numbers; both cell types were upregulated in Vismodegib-treated mice. Concomitantly, the protumorigenic M2 polarized macrophages and MDSCs were characteristically reduced. Interestingly, the numbers of CTLA4-expressing and PD-1 expressing inhibitory cells were also reduced. Therapeutic blocking antibodies against CTLA4 and PD-1 co-inhibitory receptors have reached routine clinical use. Suppression of the CTLA4 and PD-1 pathway enables the expansion of tumor-specific T cells. 44 Thus, the decrease in the CTLA4-expressing and PD-1 expressing T-cells represents a reduction in the population of exhausted T-cells and corroborates with an increase in the population of granzyme B expressing CD 8-positive T-cells. These altered T-lymphocyte profiles may contribute to an elevated apoptotic tumor cell population in the Vismodegib-treated tumors.
In agreement with the mechanistic changes identified, Vismodegib-treated animals showed overall reduced arginase activity of the tumor-associated macrophages. As such, inhibition of Hh signaling reduced the functional potency of the immunosuppressive macrophages with simultaneous upregulation of the antigen presenting cells and adaptive cytotoxic cells. These findings may explain the increased tumor cell apoptosis in Vismodegib-treated animals. The cumulative changes in the tumor were reflected in overall decreased pulmonary metastases, indicating that the changes in the tumor-associated immune portfolio had determinative effects on the metastatic potential of the tumor cells. This combination of immune cell changes establishes a role for Hh inhibition in causatively promoting the anti-tumor immunogenic response. Given the prominent role of infiltration of TAM in immune suppression, angiogenesis, and tumor aggressiveness, we tested the potential benefit of depleting macrophages on the benefits of the Hh inhibitor. We employed the liposome mediated macrophage "suicide" approach to eliminate macrophages. 45 The combination of macrophage depletion and Hh inhibitor generated a robust antitumor immune portfolio, thereby offering additional insights into the interaction between Hh signaling and immune functions and offer a novel therapeutic approach for interfering in tumor progression through re-configuring the immune microenvironment.
With regards to its role in influencing the immune system, Hh signals for differentiation, survival and proliferation in the early stages of T cell development, before T cell receptor (TCR) gene rearrangement. In more mature T lineage cells, Hh signaling also modulates TCR signal strength [46] [47] [48] and can impact CD4(+) T cell effector function. 49 As such, the studies pertaining to the involvement of Hh signaling have principally investigated its role in T cell development and effector functions. Our investigation provides evidence for Hh signaling in influencing the ratio of tumor-associated Teffs:Tregs and Teffs:MDSCs. Specifically, inhibition of Hh with Vismodegib increased these cellular proportions, clearly signifying a shift from an immunosuppressive infiltrating configuration to an immune reactive type.
We provide compelling evidence that demonstrates the determinative effects of the Hh signaling pathway on programmatically altering molecular mechanisms of M2 macrophages. Additionally, this work offers a multi-faceted basis for using Hh inhibitors to target breast cancer progression, not just through effects on tumor cells, but also the tumor immune compartment. Our findings demonstrate that Hh signaling inhibition not only diminishes pro-tumorigenic myeloid populations of M2 macrophages and MDSCs, but it also sculpts macrophages to assume an anti-tumor phenotype and propels the activation of tumor-associated cytotoxic T cells. Overall, we establish a novel role for the Hh signaling pathway in functionally editing the innate immune system in breast cancer and eliciting the inflammatory response of the adaptive immune cells. Thus, inhibiting Hh signaling can reprogram the dysfunctional tumor immune microenvironment and mitigate breast cancer metastasis.
Materials and methods
Cell culture
4T1 murine tumor cell line was cultured in Dulbecco's modified minimum essential medium/F12 nutrient mixture supplemented with 2.5% heat-inactivated fetal bovine serum. RAW 264.7 and 4T07 murine cells were cultured in Dulbecco's modified Eagle's medium (Life Technologies, Carlsbad, CA) supplemented with 5% fetal bovine serum (Gibco Life Technologies). Cell lines were maintained at 37°C in a humidified 5 % CO 2 incubator. RAW 264.7 cells were stably silenced for endogenous Gli1 using SMARTvector lentiviral shRNA cloned into a murine CMV-RFP plasmid (GE Dharmacon, Lafayette, CO). 51 Cells were frozen in early passages, while the culture was actively growing. Cells were replaced from frozen stocks after a maximum of twelve passages or three months continuous culture. Cell lines were periodically (once every six months) confirmed negative for mycoplasma contamination using PCR assays.
BMDM prep
Tibias and femurs were resected from 6-8 week old mice, bone marrow was flushed from bones in αMEM medium supplemented with 10% fetal bovine serum and 1x PenicillinStreptomycin using a 26G needle. Bone marrow was incubated overnight at 37°C. The following day, the bone marrow was centrifuged at 1400 RPM, and then ACK lysis buffer (Lonza, Basel, Switzerland) was added to cell pellet and incubated at 37°C for 5 minutes to eliminate red blood cells. The cells were centrifuged at 1400 RPM for 5 minutes, then M-CSF (25 ng/ml) in αMEM medium supplemented with 10% fetal bovine serum and 1x Penicillin-Streptomycin was added to cells and incubated for 7 days to differentiate bone marrow monocytes into macrophages, with one media change on day 4 post plating.
Quantitative real-time polymerase chain reaction RNA from cells was harvested using Qiagen RNeasy Mini Kit (Valencia, CA) according to protocol. cDNA was synthesized from total RNA using High Capacity cDNA Reverse Transcription Kit (Life Technologies) under the following protocol: 25°C for 10 minutes, 37°C for 120 minutes, 85°C for 5 seconds. Real time PCR was performed using TaqMan Fast Advanced Master Mix (Applied Biosystems) and Taqman gene expression assay probes for Il-10, Arginase 1, CD206, iNos, Il-23, Il-12, Tnf-α, Gli1, Gli2, and Ptch1 (Life Technologies, Carlsbad, CA). Experiments were performed in triplicate and GAPDH served as an endorse control gene.
Western blotting
Cells (RAW 264.7) were treated with M-Csf (20 ng/ml) overnight followed by DMSO or GANT61 (10 μM) four hours prior to treatment with IL-4 (10 ng/ml) for 15 minutes. Whole cell lysates were collected in NP-40 lysis buffer and immunoblotted for total JAK1 (#3332S), phospho JAK1 Y1022/1023 (#3331S), total JAK3 (#8863S), phospho JAK3 Y980/981 (#5031S), total p38 (#9212S), phospho p38 Thr180/Tyr182 (#9211S), total STAT6 (#9362S), and phospho Tyr641 STAT6 (#9361S; Cell Signaling, Danvers, MA). To assess protein levels of Arginase 1and iNOS, RAW 264.7 cells (stably transfected with a nontarget shRNA, Gli1shRNA, or treated with GANT61 (10 μM) or BMS-833923 (5 μM)) were treated with M-csf (20 ng/ml) and IL-4 (10 ng/ml) for 24 hours. Whole cell lysates were collected in NP-40 lysis buffer and immunoblotted for Arginase 1 (#93668S, Cell Signaling) or iNOS (#2982, Cell Signaling).
Kinomic profiling
Cells (RAW 264.7) were treated with M-Csf (20 ng/ml) overnight followed by DMSO or GANT61 (10 μM) four hours prior to treatment with IL-4 (10 ng/ml) for 15 minutes. Whole cell lysates were collected in M-PER Mammalian Protein Extraction Reagent (Thermofisher, Rockford, IL) supplemented with Halt protease and phosphatase inhibitors (1:100; Thermofisher). Lysates were loaded onto PamChip microarray tyrosine or serine/threonine chips imprinted with 144 tyrosine or 144 serine/threonine kinase substrates, respectively. Changes in individual peptide phosphorylation were imaged with FITC conjugated phospho-specific antibodies, and signal was quantified using BioNavigator. Lists of altered peptides were exported and analyzed for probable upstream kinases with tools such as Kinexus Phosphonet, as well as advanced Pathway Analysis and network modeling using GeneGo MetaCore.
Reporter assays RAW 264.7 were transfected with reporter plasmids (p4X STA6 or pGreenFire-Gli) using Lipofectamine 2000 (Life Technologies). P4X STAT6 consists of 4 STAT6 binding sites upstream of a luciferase gene (Addgene, Cambridge, MA). pGreenFire-Gli encodes four Gli transcription response element sites upstream of GFP and luciferase genes (System Biosciences, Palo Alto, CA). Cells were treated with 20 ng/ ml M-Csf overnight and with DMSO or 10 μM GANT61 four hours prior to treatment with 10 ng/ml IL-4 for 12 hours. Cells were lysed and luminescence was measured using GloMax Luminometer (Promega, Madison, WI). The readings were normalized to total protein concentration.
Next-generation sequencing mRNA-sequencing was performed on the Illumina HiSeq2500. Briefly, the quality of total RNA was assessed using the Agilent 2100 Bioanalyzer. Total RNA (RIN of ≥ 7.0) was used for the RNA library prep. The SureSelect Stranded mRNA library generation kit was used as per the manufacturer's instructions (Agilent, Santa Clara, CA) to generate the sequence ready libraries. mRNA-Sequencing was done on the Illumina HiSeq2500 with onboard clustering by loading 11pM of the pooled libraries and paired end 50bp sequencing by standard techniques (Illumina, Inc., San Diego CA). Approximately 30 million reads were generated per sample.
Gene expression data analysis
Gene expression analysis was performed using UAB Cheaha HPC cluster, Galaxy platform and software packages of Partek Flow and Genomics Suite (PGS, Partek, St Louis, MO). Briefly, sequence reads in fastq format were trimmed at each end of reads using read quality score, 52 vendor sequencing adaptors removed, and reads aligned against human genome hg19 using STAR algorithm. 53 Resulting bam files were used for gene expression quantification after removing PCR duplicates using samtools (http://www.htslib.org). Reads per kilobase of transcript per million mapped reads (RPKM) normalization 54 was performed before any statistical analysis. For GEO dataset, gene level quantification and statistics were performed using Partek PGS. For hierarchical clustering, gene list of significant changes of various comparisons were used to generate heatmap. Log2-transformed RPKM-normalized intensities were used for Z-normalization. Gene Set Enrichment Analysis (GSEA) including leading edge analyses were performed using software from Broad Institute. 55, 56 Chromatin immunoprecipitation (ChIP)
Cells were pretreated with 10 µM GANT61 for 4 hours and then treated with 20 ng/ml M-Csf with or without 20 ng/mL Il-4 for 1 hr in combination with GANT61 or DMSO and/or SHH (100 nM). After one hour cells were processed using the Simple Chip Plus Enzymatic kit (Cell Signaling) as per manufacturer's protocol. 10 µg of cross-linked chromatin was immunoprecipitated with either 2 µg of anti-Stat6 (Cell Signaling) or anti-Gli1 (Novus). Chromatin was eluted from the IP and crosslinks were reversed followed by column purification of DNA. Purified DNA from ChIP and input was subjected to real-time quantitative PCR to quantitate the amount of DNA associated with Gli or Stat6 in the Il4ra or Il4 promoter sequence. PCR was done using 2X Maxima SYBR Green Master Mix (Thermo Scientific) with primer pairs to amplify various regions of the respective promoters. Primer pairs and associated schematic are detailed in Supplementary Figure 9 . C T values of input DNA was used to calculate percent input of immunoprecipitation utilizing the following calculation: Percent Input = 2% x 2
2% Input Sample-C[T] IP Sample) and percent enrichment as compared to corresponding controls is depicted. Each reaction was done in triplicate using an Applied Biosystems Step One Plus.
TUNEL staining
Tumors were fixed in neutral-buffered formalin and embedded in paraffin. Sections were cut and stained using the Click-iT TUNEL Colorimetric IHC Detection Kit (Thermo Fisher Scientific) according to the manufacturer's protocol. Nuclei were counted in ten fields for each sample. The apoptotic index was determined using the following formula: number of TUNEL positive nuclei/total number of nuclei in a given field x 100.
TNFα sandwich ELISA
TNFα cytokine levels in RAW 264.7 supernatants were assayed using a mouse specific sandwich DuoSet ELISA kit (DY410, R&D systems) following manufacturer's directions. Absorbance readings were acquired at 450 nm and 540 nm to account for wavelength correction.
Nitric oxide production assay NOS production was measured in samples using Nitric Oxide Synthase Activity Assay Kit (Abcam, Cambridge, UK, ab211083). Briefly, RAW264.7 cells were treated with M-csf (20 ng/ml) and IL-4 (10 ng/ml) for 24 hours followed by IFN-γ stimulation (50 ng/m) for an additional 24 hours. Cell lysates were generated using assay buffer supplemented with Halt protease and phosphatase inhibitors (1:100; Thermofisher) and quantified using the Eon Microplate spectrophotometer (BioTek, Winooski, VT). The assay was done per the manufacturer's instructions. The optical density was measured in wells at 540 nm using the Eon Microplate spectrophotometer.
Animals
Luciferase-expressing 4T1 cells (5 x 10 5 ) suspended in HBSS were injected into the inguinal mammary fat pad of eight week old female BALB/c mice. Tumor progression was documented by palpation three times weekly and bioluminescent imaging (BLI) using the IVIS Imaging System (Xenogen Corp., Alameda, CA) once weekly. Briefly, mice were injected intraperitoneally with D-luciferin (150 mg/kg body weight) and anesthetized using isoflurane gas. Ten minutes later, photographic images were obtained using Living Image Software. Beginning ten days post injection of tumor cells, mice were orally gavaged with 100 μl (2 mg/mouse) of Vismodegib (Selleck Chemicals, Houston, TX) or DMSO as a vehicle control thrice weekly for 3.5 weeks. Tumors were harvested at an approximate mean tumor diameter of 5-6 mm in order to avoid confounding effects of necrosis. Lung metastases were enumerated using a Nikon StereoZoom microscope. The animal studies have been conducted in accordance with the Institutional Animal Care and Use Committee (IACUC) of The University of Alabama at Birmingham. We have used Vismodegib at a concentration of 20 μM for in vitro studies and administered 2 mg/mouse in animal studies. This dose is consistent with that used in patients and corresponds to 100 mg/ kg dose. The pharmacokinetics (PK) and pharmacodynamics of Vismodegib have been worked out; at 100 mg/ kg dose, the Area Under the Curve (AUC) for the PK of Vismodegib is 413 μM/hour. 57 Thus, the doses used in our studies are well below the PK of Vismodegib.
Clodronate treatment
Two days prior to the injection of luciferase-expressing 4T1 tumor cells mice were intraperitoneally injected with control liposomes or liposomal clodronates (Encapsula Nanosciences, Nashville, TN; 200 μl/mouse) and once weekly thereafter throughout the duration of the study. Tumor progression was documented by palpation three times weekly and BLI. Beginning ten days post injection of tumor cells, mice were orally gavaged with 100 μl (2 mg/mouse) of Vismodegib or DMSO as a vehicle control thrice weekly for 3.5 weeks.
Flow cytometry
Tumors were surgically excised from animals and incubated in dissociation solution using the Mouse Tumor Dissociation Kit (Milteni Biotec, San Diego, CA) for 45 minutes on a shaker at 37°C. Cells were passed through a 100 μm cell strainer (Thermo Fisher Scientific, Waltham, MA) to ensure a single cell suspension. Cells recovered were strained through a 70 μm cell strainer (Thermo Fisher Scientific). Tumor and organ-derived cells were treated with ACK buffer (Lonza, Basel, Switzerland) to lyse red blood cells. Post processing, cells were counted and incubated with an FC receptor blocker anti-mouse CD16/32 antibody (BioLegend, San Diego, CA). Cells were then stained with fixable viability dye eFluor 450 (eBioscience, now Thermo Fisher) in PBS, incubated with primary conjugated antibody cocktail specific to cell type (Biolegend), and analyzed using a BD LSRII Analyzer. In all cases, we employed FMO controls to guide our gating strategy. Analysis of the acquired files was done using FlowJo v 10 software. For samples requiring nuclear stain, True-Nuclear Transcription factor buffer set (BioLegend) was used. Sample preparation for samples requiring intracellular stains was done using a separate Fixation buffer and Intracellular Staining Permeabilization Wash Buffer (Biolegend). The gating strategies used are detailed in Supplementary Figures 12-16 .
Urea production assay
Dissociated cells were stained with brilliant violet 650-conjugated F4/80 antibody. Post staining, cells were washed and F4/80 positive cells were sorted using BD FACS Aria. Cells (5 x 10 4 ) were plated in duplicate in a 96-well plate in RPMI supplemented with 1% FBS. Twenty-four hours later, urea in the supernatant from each well was assessed using QuantiChrom™ Urea Assay Kit (DIUR-100, BioAssay Systems, Hayward, CA) according to manufacturer's instructions. Absorbance was read at 520 nm using the Eon Microplate spectrophotometer (BioTeck, Winooski, VT).
Annexin V apoptosis assay
Following tumor dissociation as described above, tumor cells were stained with Pe-Cy7 conjugated anti-mouse CD31, Ter119, and CD45 to exclude endothelial, erythroid, and lymphocyte cells respectively. Epithelial cells were stained with anti-mouse PE conjugated CD24. Annexin V staining was done according to manufacturer's protocol (BD, Franklin Lakes, NJ).
Phagocytosis assay
Cells (RAW 264.7) were plated in a black walled 96-well plate and polarized with M-Csf+ LPS or IL-4, with or without simultaneous treatment with Hh inhibitors. Twenty-four hours post treatment, media was aspirated and 100 μl of reconstituted pHrodo™ Red E. coli BioParticles (ThermoFisher) were added to each well. Two hours later, cells were washed with PBS and red fluorescently-labeled cells were digitally documented and quantified using the 40X objective of Nikon Eclipse Ti-U microscope (Nikon, Tokyo, Japan).
Statistical analysis
For statistical analysis we used the student's t-test or ANOVA analysis, as appropriate, and plotted using GraphPad Prism 7 software (La Jolla, CA 
